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SHADER PROGRAM EXECUTION IN attribute vec4 d ; 
GRAPHICS PROCESSING void main ( ) 

{ 
BACKGROUND gl_Position = a * b * c * d ; 

} 
The technology described herein relates to graphics pro- will produce identical values for the computation of “ a * b * c ” 

cessing systems , and in particular to the operation of graph- for each thread ( where each thread represents a given 
ics processing systems that include one or more program- vertex ) , as the data inputs are uniform variables . Thus if this 
mable processing stages ( “ shaders ” ) . computation could be executed once and the result shared 

Graphics processing is typically carried out in a pipelined 10 between plural threads , the execution of the shader program 
fashion , with one or more pipeline stages operating on the could be made more efficient . 
data to generate the final render output , e.g. frame that is The Applicants have previously proposed in their earlier displayed . Many graphics processing pipelines now include UK patent application no . GB - A - 2516358 the use of a 
one or more programmable processing stages , commonly " pilot ” shader program to execute once expressions that will 
referred to as “ shaders ” . For example , a graphics processing 15 produce identical values for a set of plural threads ( e.g. for 
pipeline may include one or more of , and typically all of , a a draw call ) , and then a “ main ” shader program which 
geometry shader , a vertex shader and a fragment ( pixel ) executes for each work item , using the results of the “ pilot 
shader . These shaders are programmable processing stages shader " instead of recalculating the common expressions 
that execute shader programs on input data values to gen- each time . 
erate a desired set of output data ( e.g. appropriately shaded 20 However , notwithstanding this , the Applicants believe 
and rendered fragment data in the case of a fragment shader ) that there remains scope for improvements to execution of 
for processing by the rest of the graphics pipeline and / or for shader programs in graphics processing pipelines that 
output . The shaders of the graphics processing pipeline may include one or more shader stages . 
share programmable processing circuits , or they may each 
be distinct programmable processing units . BRIEF DESCRIPTION OF THE DRAWINGS 
A shader program to be executed by a given “ shader ” of 

a graphics processing pipeline will be provided by the A number of embodiments of the technology described 
application that requires the processing by the graphics herein will now be described by way of example only and 
processing pipeline using a high - level shader programming with reference to the accompanying drawings , in which : 
language , such as GLSL , HLSL , OpenCL , etc. This shader 30 FIG . 1 shows an exemplary computer graphics processing 
program will consist of “ expressions ” indicating desired system ; 
programming steps defined in the relevant language stan- FIG . 2 shows schematically a graphics processing pipe 
dards ( specifications ) . The high - level shader program is then line that can be operated in the manner of the technology 
translated by a shader language compiler to binary code for described herein ; 
the target graphics processing pipeline . This binary code will 35 FIG . 3 shows schematically a graphics processing unit ; 
consist of “ instructions ” which are specified in the instruc- FIGS . 4 , 5 and 6 show the execution of a shader program 
tion set specification for the given target graphics processing in an embodiment of the technology described herein ; 
pipeline . FIG . 7 shows an example of a shader program ; 
A graphics processing pipeline shader thus performs FIG . 8 shows an example of a shader program configu 

processing by running small programs for each “ work item ” 40 ration in an embodiment of the technology described herein ; 
in an output to be generated , such as a render target , e.g. FIG . 9 shows schematically the execution of threads in an 
frame ( a “ work item ” in this case would be usually a vertex embodiment of the technology described herein ; 
or a sampling position ( e.g. in the case of a fragment FIG . 10 shows schematically the execution of threads in 
shader ) ) . Where the graphics processing pipeline is being an embodiment of the technology described herein ; and 
used for compute shading ” ( e.g. under OpenCL or Direct- 45 FIG . 11 shows schematically an embodiment of compil 
Compute ) then the work items will be appropriate compute ing a shader program in an embodiment of the technology 
shading work items . This shader operation generally enables described herein . 
a high degree of parallelism , in that a typical render output , Like reference numerals are used for like components 
e.g. frame , features a rather large number of work items ( e.g. where appropriate in the drawings . 
vertices or fragments ) , each of which can be processed 50 
independently . DETAILED DESCRIPTION 

In graphics shader operation , each work item is processed 
by means of an execution thread which will execute the A first embodiment of the technology described herein 
shader program in question for the work item in question . As comprises a method of operating a graphics processing 
there will typically be a large number of work items ( e.g. 55 system that comprises a graphics processor comprising a 
vertices or sampling positions ) , and thus corresponding programmable execution unit operable to execute programs 
threads , to be processed for a given shader program , a for execution threads to perform processing operations ; 
graphics processing system can be considered to be a the method comprising : 
massively multi - threaded system . including in a program to be executed by the program 

The Applicants have recognised that many graphics 60 mable execution unit of the graphics processor , the program 
shader programs will include operations ( expressions ) that comprising a sequence of instructions to be executed , and 
will produce identical values for sets of plural threads to be having associated with it a start instruction indication , 
executed ( e.g. for every thread in a draw call ) . indicating the instruction in the sequence of instructions for 

For example , the OpenGL ES vertex shader : the program at which execution of the program should be 
uniform mat4 a ; 65 started by an execution thread : 
uniform mat4 b ; a “ set - entry ” instruction , which , when executed by a 
uniform mat4 c ; thread , will cause the start instruction indication to be 
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modified to indicate a different instruction in the when an execution thread , when executing the program , 
sequence of instructions for the program at which executes the “ set - entry ” instruction : 
execution of the program should be started by an cause the start instruction indication to indicate a 
execution thread ; different instruction in the sequence of instructions 

the method further comprising : for the program at which to start execution of the 
issuing the program to the programmable execution unit program , such that execution threads that start their 

of the graphics processor for execution ; and executing execution of the program thereafter will start their 
the program for a set of plural execution threads ; execution of the program at the indicated different 

wherein : instruction in the instruction sequence . 
executing the program for the set of plural execution 10 The technology described herein relates to the execution 

threads comprises : of programs ( e.g. shader programs ) in graphics processing 
for each execution thread executing the program , deter- systems and by graphics processors . In the technology 

mining from the start instruction indication associated described herein , execution threads that are executing a 
with the program , the instruction in the sequence of program determine which instruction in the sequence of 
instructions for the program at which the thread should 15 instructions for the program to start their execution of the 
start execution of the program , and starting execution program at from an indication of a “ start ” instruction at 
of the program for the thread at the indicated instruc- which to start the execution of the program that is provided 
tion ; and in association with the program . Furthermore , the program 

an execution thread , when executing the program , in includes a “ set - entry ” instruction which when executed will 
response to the " set - entry ” instruction : 20 change the “ start ” instruction that is indicated for the pro 
causing the start instruction indication to indicate a gram . This has the effect of changing the instruction in the 

different instruction in the sequence of instructions program at which later execution threads then start their 
for the program at which to start execution of the execution of the program . 
program , such that execution threads that start their The effect of this then is that different execution threads 
execution of the program thereafter will start their 25 executing a program can be caused to start executing 
execution of the program at the indicated different instructions in the program at different start ( entry ) points in 
instruction in the instruction sequence . the program ( by including an appropriate " set - entry ” 

A second embodiment of the technology described herein instruction in the program ) . In other words , a program can 
comprises a graphics processing system comprising : be configured to have plural possible “ start ” ( “ entry " ) points 

a graphics processor comprising a programmable execu- 30 for execution threads , such that threads can be triggered and 
tion unit operable to execute programs for execution threads controlled to start their execution of the program at different 
to perform processing operations ; points within the program ( e.g. , and in an embodiment , at a 

and point that is more appropriate for the execution thread in 
a processing circuit configured to : question ) 
associate with a program to be executed by the program- 35 Furthermore , this is achieved by triggering the change of 
mable execution unit of the graphics processor , the program “ start ” ( “ entry ' ) point for execution threads 
program comprising a sequence of instructions to be through the execution of an instruction in the program itself , 
executed , a start instruction indication , indicating the that modifies the indicated start ( " entry " ) point in the 
instruction in the sequence of instructions for the program for the execution threads . This provides a particu 
program at which execution of the program should be 40 larly straightforward mechanism for changing the start ( en 
started by an execution thread ; try ) point in a program for execution threads , without the 

include in the program to be executed by the program- need , e.g. , to have to provide such a mechanism more 
mable execution unit of the graphics processor , a globally for the program execution . 
" set - entry ” instruction , which , when executed by a The technology described herein can , accordingly , and as 
thread , will cause the start instruction indication asso- 45 will be discussed further below , provide a particularly con 
ciated with the program to be modified to indicate a venient and straightforward mechanism for , e.g. , causing 
different instruction in the sequence of instructions for later execution threads that are executing a program to start 
the program at which execution of the program should their execution of that program at a later point in the 
be started by an execution thread ; sequence of instructions for the program , thereby , for 

and 50 example , and in an embodiment , skipping ( omitting ) one or 
issue the program to the programmable execution unit of more initial instructions in the program . 

the graphics processor for execution ; For example , the technology described herein can be used 
wherein : to cause some threads to execute a program from the 
the graphics processor comprises : beginning ( and thereby , e.g. , perform common operations in 
an execution thread issuing circuit configured to issue 55 the program ) , with other threads being triggered to start their 

execution threads to the programmable execution unit ; execution of the program at a later point ( thereby , e.g. , and 
and in an embodiment , avoiding executing the common opera 
the programmable execution unit of the graphics proces- tions for those threads ) . This can then have the effect and 

sor is configured to , when executing the program for an advantage of reducing the number of threads for which the 
execution thread : 60 " common " operations ( expressions ) are performed , thereby 

determine from the start instruction indication associated making overall execution of the program more efficient . 
with the program , the instruction in the sequence of ( The Applicants have recognised in this regard that it can 
instructions for the program at which the thread should be possible to arrange for “ common ” operations ( expres 
start execution of the program , and start execution of sions ) in a program ( e.g. expressions ( operations ) that will 
the program for the execution thread at the indicated 65 produce the same value ( s ) each time they are executed for 
instruction ; some or all of the threads in a set of threads that are 

and executing the program ) to be executed at or near the begin 
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ning of the shader program , with the “ non - common ” opera- of shader , i.e. such that there may be one or more program 
tions ( expressions ) ( i.e. that will ( potentially ) produce a mable stages of the graphics processing pipeline that the 
different value ( s ) for each thread in a set of threads that are execution unit may be appropriately programmed , e.g. at 
executing the program ) then being performed later in the different times , to function as . 
program . ) In an embodiment , the operation in the manner of the 

Thus , in the technology described herein , the number of technology described herein is used for all ( programmable ) threads that execute instructions that perform " common ” shading stages that the graphics processor may be required 
expressions in a program can be reduced . However , the to execute . 
technology described herein does not require the generation Correspondingly the ( shader ) program that is issued to the and execution of a separate “ pilot shader ” program to do 10 ( programmable ) execution unit and executed by the execu this , and therefore avoids issues that can arise with executing tion threads can be any suitable and desired shader program pilot shader programs ( such as the fact that the pilot shader for execution by a graphics processor . may execute only on a single thread ( and therefore be 
relatively inefficient on typically massively multi - threaded For example , the program may be a geometry shader 
graphics processing pipeline architectures ) ) . 15 program ( a program for executing geometry shading opera 

The graphics processor may be any suitable and desired tions ) , a vertex shader program ( a program for executing 
graphics processor that can execute ( shader ) programs to vertex shading operations ) , a fragment shader program ( a 
perform processing operations . program for executing fragment shading operations ) , or a 

Correspondingly , the programmable execution unit can be compute shader program ( a program for executing compute 
any suitable and desired unit ( circuit ) that is able to execute 20 shading operations ) . Other arrangements would , of course , 
( shader ) programs . be possible . 

There may be a single or plural programmable execution The techniques of the technology described herein can be 
units . Where there are plural programmable execution units , used in respect of some but not all of the shader programs 
each execution unit can in an embodiment operate in the to be executed , e.g. for a given " unit " of processing ( e.g. 
manner of the technology described herein . 25 draw call ) , but in an embodiment are used in respect of all The ( and each ) programmable execution unit will be , and shader programs to be executed for a given “ unit ” of is in an embodiment , implemented as an appropriate pro processing ( e.g. draw call ) . grammable processing circuit or circuits , that is operable to The execution threads that are issued to the execution unit 
receive execution threads to be executed , and to execute to execute the program will represent appropriate " work 
appropriate ( shading ) programs for those threads to generate 30 items ” for the ( shader ) program in question . Thus they may , 
a desired output . for example , represent vertices for a vertex shading pro The ( and each ) programmable execution unit may be gram , or sampling points ( or pixels ) for a fragment shading configured as desired , e.g. as a set of one or more functional 
units ( circuits ) , operable to perform respective processing program , or “ work items ” for a compute shading program , 

etc. operations . The programmable execution unit may ( and 35 
correspondingly its functional units may ) , for example , be The plural execution threads that are issued to the execu 
arranged as a plurality of respective execution lanes , so that tion unit for execution can comprise any suitable and desired 
the execution unit can execute the same instruction in set of plural execution threads . Thus they may , for example , 
parallel for plural threads of a thread group . comprise all the threads that are to be executed to generate 

The graphics processor in an embodiment comprises 40 the desired output , e.g. frame , or part ( e.g. a tile ) of a frame , 
appropriate control circuit ( s ) ( control logic ) for controlling in question , or they may be a subset of threads within that 
the programmable execution unit to cause it to perform the overall set of threads ( e.g. the set of threads to be executed 
desired and appropriate processing operations . Such control for a given draw call of an overall output that is being 
circuit ( s ) can , and in an embodiment do comprise , for generated ) . The set of threads could also be the threads for 
example , one or more of instruction fetch circuit ( s ) and 45 a given work group or set of work groups for which the 
instruction decode circuit ( s ) that are operable to fetch and shader program is to be executed ( e.g. when the graphics 
decode instructions to be executed so as to cause the processor is performing compute shading operations ) . Other 
execution unit to execute the required instructions . arrangements would , of course , be possible . 

The technology described herein is in an embodiment The execution threads can be issued to the execution unit 
used for and when the graphics processor ( the program- 50 by any suitable and desired component or element of the 
mable execution unit of the graphics processor ) is executing graphics processor . In an embodiment there is a thread 
a graphics shader program , i.e. is executing a program ( a set spawner ( circuit ) that operates to issue the execution threads 
of instructions ) to perform processing operations of a ( pro- ( and / or groups of execution threads ) to the programmable 
grammable ) shading stage of a graphics processing pipeline , execution unit . 
such as a geometry shader , vertex shader , a fragment shader , 55 The ( shader ) program to be executed by the program 
or a compute shader . mable execution unit will comprise a sequence of instruc 

The programmable execution unit of the graphics pro- tions to be executed by the execution threads . As well as the 
cessing pipeline can be acting as any suitable and desired particular " set - entry ” instruction that changes the “ start ” 
programmable shading stage ( “ shader ” ) of a graphics pro- point for execution of the program in the manner of the 
cessing pipeline ( and that a graphics processing pipeline can 60 technology described herein , the sequence ( set ) of instruc 
include or act as ) . Thus the programmable execution unit tions to be executed for the program can include any desired 
may be operating as , e.g. a geometry shader , a vertex shader , and suitable instructions that would typically be included in 
a fragment shader , or a compute shader . and used for a ( shader ) program . Thus the program instruc 

The programmable execution unit may operate solely as tions may comprise , for example , one or more or all of : 
one type of shader , but it will be appreciated in this regard 65 arithmetic ( mathematical ) operations ( add , subtract , multi 
that the programmable execution unit may typically be able ply , divide , etc. ) ; bit manipulations ( invert , swap , shift , etc. ) ; 
to ( and in an embodiment can ) execute plural different types logic operations ( AND , OR , NAND , NOR , NOT , XOR ) ; 
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load - type instructions ( such as varying , texturing or load execution of the program . A subsequent ( e.g. second ) execu 
instructions ) ; and store - type instructions ( such as blend or tion thread starting its execution of the program after the first 
store instructions ) . execution thread ( at least ) has executed the set - entry instruc 

Other arrangements would , of course , be possible . tion will then , accordingly , determine from the start instruc 
The program to be executed by the programmable execu- 5 tion indication associated with the program the new , differ 

tion unit has associated with it a " start instruction ” indica- ent instruction at which to start execution of the program , 
tion , indicating the instruction in the sequence of instruc- and therefore start its execution of the program at that 
tions for the program at which execution of the program different instruction in the sequence of instructions for the 
should be started by an execution thread . That start instruc- program . 
tion indication is then used to determine which instruction in 10 Thus , executing the program for the execution threads 
the sequence of instructions for the program the execution will comprise executing the program for one or more of the 
threads should start their execution of the program at . execution threads starting at a first point ( instruction ) in the 

The start instruction indication for a program can take any sequence of instructions for the program ( as indicated in the 
suitable and desired form . In an embodiment it is provided initial start instruction indication associated with the pro 
in the form of state data , such as a program descriptor ( a 15 gram ) , but then executing the program for another one or 
shader descriptor ) , that is associated with and provided for ones of the execution threads starting at a different point in 
the program . the sequence of instructions for the program after the 

The start instruction indication can indicate the instruction set - entry instruction has been executed by an execution 
at which execution of the program should be started by an thread . 
execution thread in any suitable and desired manner . For 20 The two different start ( entry ) points for execution threads 
example , and in an embodiment , it may indicate a program in a program can be selected and positioned in the sequence 
counter value to indicate the instruction at which execution of instructions for the program as desired . The initial start 
of the program should be started by an execution thread . The ( entry ) point ( i.e. that is indicated by the start instruction 
start instruction indication could in this case indicate and indication initially provided for the program ) should be , and 
comprise an absolute program counter value , or it could , for 25 is in an embodiment , the start of the program ( i.e. at the first 
example , indicate an offset to a base ( reference ) program instruction in the sequence of instructions for the program , 
counter value , if desired . and from which a thread may be correctly executed to 

The program will be initially associated with a start completion , without , for example , relying on data output by 
instruction indication indicating an “ initial ” start instruction any other thread ) . 
for execution threads executing the program . Then , when the 30 The position of the other start ( entry ) point in the program 
" set - entry ” instruction is executed , the start instruction indi- that is triggered by execution of the “ set - entry ” instruction 
cation will be changed ( e.g. , and in an embodiment , the can be selected as desired . 
program counter value indicated by the start instruction In an embodiment , this nd , later , start ( entry ) point in 
indication will be changed ) to indicate a different instruction the shader program is after some , and in an embodiment 
in the instruction sequence at which execution threads 35 after all , of the instructions in the program that calculate 
should start their execution of the program . common expressions in the program ( i.e. that will produce 
The effect of this then will be , as discussed above , that the same result for each thread ( work item ) in the set of 

execution of the program will be started at different instruc- plural threads ( work items ) in question ) . In an embodiment 
tions within the sequence of instructions for the program for execution of the “ set - entry ” instruction changes the entry 
different ones of the execution threads ( depending upon 40 ( start ) point for execution threads in the program to the point 
whether the execution threads start their execution of the in the program that is after at least some , and in an 
program before or after a thread has executed the “ set - entry ” embodiment all , of the ( and in an embodiment immediately 
instruction ) . after some or all of the ) instructions that perform common 

Correspondingly executing the program for the execution expressions in the program . 
threads will comprise executing the program for one or more 45 Thus , in an embodiment , the " initial ” start ( entry ) point 
of the execution threads starting at a first point in the indicated for a program is before at least some , and in an 
sequence of instructions for the program , and executing the embodiment all , of the instructions that perform common 
program for another one or ones of the execution threads expressions in the program , with execution of the “ set 
( i.e. those threads that execute the program after the set- entry ” instruction then changing the entry ( start ) point for 
entry instruction has been executed ) starting at a different 50 execution threads in the program to a point in the program 
point in the sequence of instructions for the program . that is after at least some , and in an embodiment all , of the 

The effect of this then is that there will be two start ( entry ) ( and in an embodiment immediately after some or all of the ) 
points for execution threads in the program being executed , instructions that perform common expressions in the pro 
a first start ( entry ) point that is indicated by the start gram . 
instruction indication that is initially provided for the pro- 55 The effect of this then is that , for example , execution 
gram , and a separate , different start ( entry ) point that is threads can be controlled to initially execute the “ common ” 
triggered by the execution of the " set - entry ” instruction . expressions in the program being executed , but with later 

Correspondingly , for at least a first execution thread threads then being triggered to start the execution of the 
executing the program , that execution thread will determine program at a later point in the program , thereby skipping 
from the start instruction indication associated with the 60 ( omitting ) those common expressions and operations . This 
program the initial start instruction in the sequence of can thereby provide , in effect , “ pilot shader ” operation , but 
instructions for the program at which the thread should start without the need , for example , to actually provide and 
execution of the program , and start its execution of the execute a completely separate “ pilot shader ” program . 
program at that “ initial ” start instruction , with that execution The “ set - entry ” instruction which triggers the modifica 
thread then subsequently executing the set - entry instruction 65 tion of the start instruction indication to indicate a different 
to cause the start instruction indication to indicate a different start instruction at which execution of the program should be 
instruction in the sequence of instructions at which to start started by an execution thread can be included in the 
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sequence of instructions for a program at any suitable and and in an embodiment , stored , e.g. cached , locally to the 
desired point within that sequence of instructions . programmable execution unit ) , and that copy of the “ origi 

In an embodiment , the “ set - entry ” instruction is included nal ” start instruction indication is used for and by the 
in the sequence of instructions before the new start ( entry ) execution threads to determine the instruction in the 
point in the sequence of instructions that the “ set - entry ” 5 sequence of instructions for the program at which they 
instruction will set . In an embodiment , the " set - entry ” should start their execution of the program , and the execu 
instruction is included in the sequence of instructions for the tion of the “ set - entry ” instruction modifies that copy of the 
program immediately before the instruction in the sequence " original ” start instruction indication ( but does not modify 
of instructions that the “ set - entry ” instruction will set as the the " original ” start instruction indication associated with the 
new start ( entry ) point for threads that are executing the 10 program ) to thereby cause execution threads to start their 
program . Thus , in an embodiment the next instruction in the execution of the program at a different instruction in the 
sequence of instructions after the “ set - entry ” instruction will instruction sequence . 
be the instruction that the “ set - entry ” instruction sets as the In this case , the copy of the start instruction indication can 
( start entry ) point for execution of the program . then be discarded once the set of threads in question have all 
Thus , in an embodiment the sequence of instructions for 15 appropriately executed the program . 

the program will include a first sub - sequence of instructions , The “ set - entry ” instruction can cause the start instruction 
e.g. , and in an embodiment , that execute common operations indication ( e.g. the ( local ) copy of the start instruction 
for the program , followed by the “ set - entry ” instruction , indication ) to be modified to indicate a different instruction 
followed ( in an embodiment immediately ) by the instruction in the sequence of instructions in any suitable and desired 
at which threads will start their execution of the program 20 manner . For example , the “ set - entry ” instruction could 
once the set - entry instruction has been executed to change explicitly indicate ( e.g. in terms of a program counter value ) 
the start ( entry point ) for threads executing the program . the new , different instruction that the start instruction indi 

The “ set - entry ” instruction can cause the start instruction cation should indicate . Alternatively , the new , different 
indication to be modified to indicate a different instruction in instruction could be implicitly derived by the “ set - entry ” 
the sequence of instructions in any suitable and desired 25 instruction being executed , for example by assuming that it 

is the next instruction in the sequence ( e.g. the next program 
In an embodiment , the “ set - entry ” instruction modifies a counter value ) immediately after the " set - entry ” instruction 

“ local ” copy of the start instruction indication to indicate a itself . 
different instruction in the sequence of instructions for the The thread execution start ( entry ) points in a program can 
program at which to start execution of the program , with 30 be determined for and provided in or in relation to the 
execution threads using that local copy of the start instruc- program in any suitable and desired manner and by any 
tion indication to determine which instruction of the pro- suitable and desired element of the overall data processing 
gram to start their execution of the program at . system . 

Thus , in this case , and in an embodiment , the program Correspondingly , the “ set - entry ” instruction can be pro 
will have associated with it a start instruction indication , and 35 vided for and included in a program in any suitable and 
when the program is to be executed , a copy of that start desired manner and by any suitable and desired element of 
instruction indication for the program will be stored , e.g. , the overall data processing system . 
and in an embodiment , cached , in an embodiment locally , to In one embodiment , the thread execution start ( entry ) 
the programmable execution unit , with that local copy of the points in a program , and the corresponding set - entry instruc 
start instruction indication then being used by and for the 40 tion , can be set and included in a program to be executed by 
execution threads to determine which instruction in the the graphics processor by the application programmer . In 
sequence of instructions for the program they should start this case therefore , a high level program to be executed by 
their execution of the program at . the graphics processor that is provided by the application 

The “ local ” copy of the start instruction indication can be that requires the processing by the graphics processor can be 
stored , e.g. cached , as desired , such as , and in an embodi- 45 configured to , and will , explicitly include an appropriate 
ment , in or accessible to the thread / thread group spawner set - entry instruction that sets a desired thread execution start 
( circuit ) ( that issues execution threads / thread groups for ( entry ) point in the program . In this case therefore , the , e.g. 
execution ) . compiler , for the graphics processor will receive the appli 

The “ set - entry ” instruction will then modify the ( local ) cation program that includes the set - entry instruction and 
copy of the start instruction indication to indicate a different 50 compile that program to issue the program for execution by 
instruction at which to start execution of the program , but the programmable execution unit of the graphics processor 
the " original ” start instruction indication associated with the including the set - entry instruction and the corresponding 
program will not be modified . ( The " set - entry ” instruction multiple thread execution start ( entry ) points ) in the appro 
will only write to the ( locally ) stored copy of the start priate manner . 
instruction indication , but will not write to ( will not change ) 55 In an embodiment , the data processing system , and in an 
the “ original ” start instruction indication that is , e.g. , stored embodiment the appropriate compiler for the graphics pro 
in main memory in association with the program . ) This will cessor , is also or instead ( and in an embodiment also ) 
then facilitate , for example , executing the program again for operable to and configured to include a set - entry instruction 
a different set of execution threads at a later time , but with ( and thus set plural thread execution start ( entry ) points ) in 
the correct ( initial ) start instruction indication for that later 60 a program itself ( i.e. without an explicit indication of that 
execution of the program by a different set of execution from the application program that is received from the 
threads . application for executing ) . In this case therefore , there will 

Thus , in an embodiment , a program to be executed has be no explicit indication of a set - entry instruction in the 
provided for it an " original ” start instruction indication , but application program that is received for compiling and 
then in operation in the manner of the technology described 65 execution , but rather the , e.g. compiler , for the graphics 
herein , a copy of that " original ” start instruction indication processor will operate to analyse an application program that 
is provided to the programmable execution unit ( and , e.g. , is received and to add an appropriate set - entry instruction 
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( and accordingly set plural execution start ( entry ) points in gram ( or at least after the instructions that execute common 
the program ) , and then issue the compiled program , includ- expressions in the program that those instructions are depen 
ing the added set - entry instruction , to the programmable dent upon ) . This could comprise , e.g. , simply placing the 
execution unit for execution . instructions after all the instructions in the program that 

In this case , the , e.g. , and in an embodiment , compiler , in 5 execute common expressions , or the arrangement could be 
an embodiment analyses the ( shader ) program code that is such that the instructions are at least placed after the provided , e.g. by an application on the host processor that instructions that execute the common expressions that those requires the processing by the graphics processor , and instructions are dependent upon . determine whether plural start points in the program execu Correspondingly , in an embodiment , where the program tion are possible , and if so , where the start points should be , 10 includes instructions that execute expressions which need to and then adds an appropriate set - entry instruction to the 
program when compiling it for execution , accordingly . be executed for each work item individually , but which are 

Other arrangements would , of course , be possible . not dependent upon the results of earlier instructions that 
Thus , in an embodiment , the program thread execution execute common expressions in the program , then those 

start points are determined and set by the compiler ( the 15 instructions which are not dependent upon the results of 
shader compiler ) for the graphics processor . Thus the com earlier instructions that execute common expressions in the 
piler in an embodiment determines appropriate start points program are in an embodiment arranged to occur in the 
in the program . Having the compiler identify the thread sequence of instructions for the program after the instruc 
execution start points has the advantage that the compiler is tions that execute the common expressions , but before any 
able to assess the program to determine if it is possible to 20 “ per - work item ” instructions that are dependent upon the 
include later start points in a program to be executed . common expressions . 

Correspondingly , in an embodiment , the “ set - entry ” Correspondingly , any ( or the ) start point in the program 
instruction is provided for and included in ( added to ) the that is after the common expression instruction execution is 
program by the compiler ( the shader compiler ) for the in an embodiment set to be at the beginning of any , e.g. , 
graphics processor . 25 per - work item , instructions that do not depend upon the 

Thus , in an embodiment , the compiler analyses the common expressions . This can then allow , for example , 
( shader ) program code that is provided , and determines execution threads that are to start at that later point in the 
whether plural start points in the program execution are program execution sequence to start executing instructions 
possible , and if so , where those start points should be , and before the instructions that perform the common expressions 
includes a set - entry instruction in the program accordingly . 30 have been completed . 

In an embodiment , the compiler is also operable to ( where Correspondingly , the compiler in an embodiment operates 
this is possible ) re - order expressions ( operations ) in the to include ( place ) the " set - entry ” instruction in the manner 
program so as to , e.g. , provide an opportunity include a of the technology described herein at the appropriate point 
later thread start point in the program execution , and / or so in the instruction sequence for the program in question . 
as to allow for the more efficient inclusion and use of a later 35 Thus , the compiler in an embodiment operates to include the 
thread start point in the execution of the program . “ set - entry ” instruction in the instruction sequence between 

In this regard , the compiler in an embodiment operates to the instructions that it is desired to omit ( skip ) once the 
place ( the instructions for ) any program expressions ( opera- set - entry instruction has been executed , and those instruc 
tions ) that will produce a common ( the same ) result for all tions that should still be executed after the set - entry instruc 
the threads ( work items ) of a set of threads ( work items ) that 40 tion has been executed ( i.e. before the new start point in the 
the program is to be executed for earlier in ( and in an program execution that will be set by executing the set - entry 
embodiment at the beginning of ) the execution order of the instruction ) . Thus , in an embodiment , the compiler will 
program . In an embodiment , the compiler also identifies and include a set - entry instruction in the sequence of instructions 
operates to place ( the instructions for ) any program expres- for a program before the instruction which the set - entry 
sions ( operations ) that will produce common ( the same ) 45 instruction sets as the new start instruction for threads 
results for a subset of the threads ( work items ) of the set of executing the program , and in an embodiment immediately 
threads ( work items ) that the program is to be executed for before that “ new ” start instruction in the sequence of instruc 
earlier in ( towards the beginning of ) the program execution , tions for the program . 
and in an embodiment after ( and in an embodiment imme- Thus , the compiler in an embodiment operates to place the 
diately after ) any instructions for ) expressions ( operations ) 50 set - entry instruction in the sequence of instructions for a 
that will produce common results for all the threads ( work program after any program expressions ( operations ) that will 
items ) in the set of threads ( work items ) . produce a common ( the same ) result for all the threads ( work 

Correspondingly , the compiler in an embodiment places items ) of a set of threads ( work items ) that the program is to 
any ( instructions for ) program expressions ( operations ) that be executed for , and before any instructions for ) program 
are ( definitely ) required to be executed for each thread ( work 55 expressions ( operations ) that are ( definitely ) required to be 
item ) individually ( i.e. that potentially will produce a dif- executed for each thread ( work item ) individually ( i.e. that 
ferent result for each individual thread ( work item ) ) towards potentially will produce a different result for each individual 
the end of the program execution ( and at least after some , thread ( work item ) , and in an embodiment in between those 
and in an embodiment after all , of the instructions for ) two sequences of instructions . 
program expressions ( operations ) that will produce common 60 The technology described herein also extends to the 
results for plural threads ( work items ) ) . compiler itself . 

In an embodiment , the compiler operates to place any Thus , another embodiment of the technology described 
program instructions that execute expressions which need to herein comprises a compiler that compiles programs to 
be executed for each work item individually , and which are generate instructions for execution by a programmable 
dependent upon the results of earlier instructions that 65 execution unit of a graphics processor operable to execute 
execute common expressions in the program , after the programs for execution threads to perform processing opera 
instructions that execute common expressions in the pro- tions ; 
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wherein the compiler is configured to , for a program to be the same processor as the compiled code , or the compiler 
executed by the execution unit of the graphics processor , the being run on a ( completely ) separate processor , such as the 
program comprising a sequence of instructions to be program being precompiled on a separate system and being 
executed , and having associated with it a start instruction distributed in a compiled form . The compiler in an embodi 
indication , indicating the instruction in the sequence of 5 ment runs as part of the driver ( the driver operation ) for the 
instructions for the program at which execution of the graphics processor . ( Thus the processing circuit that asso 
program should be started by an execution thread : ciates a program to be executed with a start instruction 

include in the program to be executed by the program- indication and includes the set - entry instruction in the pro 
mable execution unit of the graphics processor , a gram in an embodiment comprises a compiler circuit and / or 
“ set - entry ” instruction , which , when executed by a 10 a driver circuit for the graphics processor ( e.g. , and in an 
thread , will cause the start instruction indication asso- embodiment , that is provided on a host processor of the 
ciated with the program to be modified to indicate a overall data processing system that includes the graphics 
different instruction in the sequence of instructions for processor ) . ) 
the program at which execution of the program should The operation in the manner of the technology described 
be started by an execution thread . 15 herein to identify and provide plural thread execution start 

Another embodiment of the technology described herein points in a program to be executed can be ( and in one 
comprises a method of compiling a program to generate embodiment is ) considered for each and every program that 
instructions for execution by a programmable execution unit is to be executed by the graphics processor . It would also be 
of a graphics processor operable to execute programs for possible to try to identify and provide plural thread execu 
execution threads to perform processing operations , the 20 tion start points only for particular categories or types of 
method comprising : programs but not for other categories or types of programs 

including in a program to be executed by the execution ( e.g. where the type of program is unlikely to offer useful 
unit of the graphics processor , the program comprising a plural thread execution start points ) . 
sequence of instructions to be executed , and having associ- It is not necessary that each and every program has to 
ated with it a start instruction indication , indicating the 25 have plural thread execution start points included in it , for 
instruction in the sequence of instructions for the program at example where the compiler determines that suitable plural 
which execution of the program should be started by an thread execution start points do not exist or may not be so 
execution thread : useful in the program in question . 

a " set - entry ” instruction , which , when executed by a As will be appreciated from the above , in operation of the 
thread , will cause the start instruction indication associated 30 technology described herein , a set of execution threads are 
with the program to be modified to indicate a different issued to the execution unit to execute the program that 
instruction in the sequence of instructions for the program at includes the " set - entry ” instruction . 
which execution of the program should be started by an Until ( before ) a thread of the set of execution threads has 
execution thread . executed the set - entry instruction , then any thread that is 
As will be appreciated by those skilled in the art , these 35 executing the program will , when it is to execute the 

embodiments of the technology described herein can and in program , determine from the start instruction indication 
an embodiment do include any one or more or all of the provided for the program , the “ initial ” start instruction for 
features of the technology described herein described herein , the program ( e.g. , and in an embodiment , and as discussed 
as appropriate . above , the first instruction in the instruction sequence for the 

Thus , for example the compiler in an embodiment also 40 program ) as being the instruction in the program at which it 
identifies and operates to place the instructions for any should start its execution of the program , and , accordingly , 
program expressions that will produce the same result for a will start its execution of the program at that initial start 
plurality , e.g. all , of the work items of a set of work items instruction ( e.g. , and in an embodiment , from the beginning 
that the program is to be executed for in the execution order of the program ) . 
of the program before instructions for program expressions 45 Execution threads will then continue to begin their execu 
that are required to be executed for each work item indi- tion of the program at the initial start point , until an 
vidually , and in an embodiment after ( and in an embodiment execution thread executes the “ set - entry ” instruction to 
immediately after ) any instructions for expressions that will change the start instruction for the program . Any execution 
produce common results for all the work items in the set of threads that start their execution of the program after the 
work items . 50 set - entry instruction has been executed by a thread in the set 

Correspondingly , the compiler in an embodiment operates of threads will , accordingly , then determine the new , differ 
to place the set - entry instruction between instructions for ent start instruction from the modified start instruction 
any program expressions that will produce the same result indication , and therefore start their execution of the program 
for a plurality , e.g. all , of the work items of a set of work at the new , different start instruction . 
items that the program is to be executed for in the execution 55 The technology described herein also extends to the 
order of the program and instructions for program expres- operation of the programmable execution unit in response to 
sions that are required to be executed for each work item a set - entry instruction . 
individually , and in an embodiment after ( and in an embodi- Thus , another embodiment of the technology described 
ment immediately after ) any instructions for expressions that herein comprises a method of operating a graphics processor 
will produce common results for all the work items in the set 60 comprising a programmable execution unit operable to 
of work items . execute programs for execution threads to perform process 
The compiler may , e.g. , and in an embodiment does , run ing operations ; 

on a host processor of the overall data processing system that the method comprising , when the programmable execu 
includes the graphics processor ( such that the compiler and tion unit is executing a program for a set of plural execution 
compiled code run on separate processors within the overall 65 threads , the program comprising : a sequence of instructions 
data graphics processing system ) ) . However , other arrange- to be executed ; and having associated with it a start instruc 
ments would be possible , such as the compiler running on tion indication , indicating the instruction in the sequence of 
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instructions for the program at which execution of the of threads that are to execute the program then starting their 
program should be started by an execution thread ; and execution of the program ( e.g. by being stalled or not issued ) 
including a “ set - entry ” instruction , which , when executed by until the first thread has executed the set - entry instruction , 
a thread , will cause the start instruction indication to be with the later threads then starting ( e.g. being issued or 
modified to indicate a different instruction in the sequence of 5 released ) to execute the program once ( and only once ) the 
instructions for the program at which execution of the first thread has executed the set - entry instruction . This will 
program should be started by an execution thread : then have the effect that only one thread will execute the set 

for each execution thread executing the program , deter- of instructions of the program ( e.g. , and in an embodiment 
mining from the start instruction indication associated with the common expressions in the program ) that the set - entry 
the program , the instruction in the sequence of instructions 10 instruction then omits ( skips ) , with all later threads then only 
for the program at which the thread should start execution of executing the , effectively , reduced program starting from the 
the program , and starting execution of the program for the new start point that is triggered by the set - entry instruction . 
thread at the indicated instruction ; and In order to facilitate this operation , it is in an embodiment 

an execution thread , when executing the program , in tracked whether a thread has executed the set - entry instruc 
response to the “ set - entry ” instruction : 15 tion or not , such that it can be identified when a thread has 

causing the start instruction indication to indicate a dif- executed the set - entry instruction such that , for example , any 
ferent instruction in the sequence of instructions for the threads waiting for that event can then be released ( or 
program at which to start execution of the program , issued ) for execution . 
such that execution threads that start their execution of The completion of the set - entry instruction in the program 
the program thereafter will start their execution of the 20 by a thread can be tracked and indicated in any appropriate 
program at the indicated different instruction in the and desired manner . For example , and in an embodiment , an 
instruction sequence . appropriate flag could be used to indicate this , with the flag 

Another embodiment of the technology described herein being , e.g. cleared once a thread has executed the set - entry 
comprises a graphics processor comprising : instruction to thereby indicate that the set - entry instruction 

a programmable execution unit operable to execute pro- 25 has been executed . In this case , a “ set - entry ” flag could be 
grams for execution threads to perform processing opera- associated with the program , e.g. in appropriate state data for 
tions ; and the program , which flag is set , e.g. by the compiler , to 

an execution thread issuing circuit configured to issue indicate that a set - entry instruction is present in the program , 
execution threads to the programmable execution unit ; with the flag then being appropriately cleared when the 

wherein 30 set - entry instruction is executed by a thread . 
the programmable execution unit of the graphics proces- In an embodiment , there is a thread scheduler that moni 

sor is configured to , when executing a program for an tors the execution of the set - entry instruction of the program 
execution thread , the program comprising : a sequence of by threads , and that releases / issues threads that are to start 
instructions to be executed ; and having associated with it a at the later point in the program for execution when it 
start instruction indication , indicating the instruction in the 35 observes that the relevant earlier set - entry instruction depen 
sequence of instructions for the program at which execution dency for the thread or threads in question has been met . 
of the program should be started by an execution thread ; and In an embodiment , the execution of thread ( s ) that are 
including a “ set - entry ” instruction , which , when executed by executing the instructions before a set - entry instruction in 
a thread , will cause the start instruction indication associated the program ( and the execution of those instructions before 
with the program to be modified to indicate a different 40 the set - entry instruction ) are prioritised as the program is 
instruction in the sequence of instructions for the program at being executed , so as to try to produce the results of those 
which execution of the program should be started by an instructions as early as possible during the execution of the 
execution thread : program for the set of threads in question . This will then help 

determine from the start instruction indication associated to ensure that any dependencies on the instructions prior to 
with the program , the instruction in the sequence of 45 the set - entry instruction within the program can be met ( e.g. 
instructions for the program at which the thread should the required results provided ) earlier , and in an embodiment 
start execution of the program , and start execution of as early as possible , in execution of the program for the set 
the program for the execution thread at the indicated of threads in question . The , e.g. thread scheduler , may be , 
instruction ; e.g. , and is in an embodiment , configured to prioritise 

and 50 execution and completion of the instructions prior to the 
when an execution thread , when executing the program , set - entry instruction ( s ) in the program so as to achieve this . 

executes the “ set - entry ” instruction : For example , in an embodiment the first thread that is 
cause the start instruction indication to indicate a executing the program is prioritised above the execution of 

different instruction in the sequence of instructions ( any ) other threads that are executing the program . 
for the program at which to start execution of the 55 While in an embodiment , as discussed above , the execu 
program , such that execution threads that start their tion of subsequent threads is delayed until a first thread has 
execution of the program thereafter will start their executed the set - entry instruction , it would be possible 
execution of the program at the indicated different simply to start issuing execution threads in the set of 
instruction in the instruction sequence . execution threads to the execution unit to execute the 

As will be appreciated by those skilled in the art , these 60 program continuously , until one of those threads executes 
embodiments of the technology described herein can and in the set - entry instruction , with threads issued thereafter then 
an embodiment do include any one or more or all of the having the new , different start point for execution of the 
features of the technology described herein described herein , program ( and in another embodiment , this is what is done ) . 
as appropriate . This may be desirable in the case where , for example , there 

In an embodiment , a single thread is initially issued to 65 are no other sets of threads able to be issued to the execution 
execute the program starting at the initial start point ( e.g. the circuit of the graphics processor whilst the threads of the set 
beginning of the program ) , with no other threads in the set of execution threads in question are waiting for the set - entry 
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instruction to be executed , so as to avoid , for example , sub - sequence of instructions and start their execution at the 
causing any “ bubbles ” in the execution unit pipeline . beginning of the second sub - sequence of instructions ( and 

This will be acceptable , because it should in any event be then execute the third sub - sequence of instructions ) . 
safe for any threads to execute the program from the initial This will then continue until a thread reaches and executes 
start ( entry ) point ( e.g. from the beginning of the program ) , 5 the second set - entry instruction in the program , at which 
irrespective of the presence of and execution or otherwise of point the start instruction indication will be changed to 
the “ set - entry ” instruction . indicate the start instruction for that second set - entry instruc 
Any thread that executes the set - entry instruction should , tion , such as , and in an embodiment , at the beginning of the 

and in an embodiment does , simply continue its execution of third sub - sequence of instructions . Threads that start their 
the program thereafter , so as to execute the program to 10 execution of the program thereafter will accordingly omit 
completion . Threads that start their execution of the program the first and second sub - sequence of instructions and start 
after the set - entry instruction has been executed by a thread their execution of the program at the start of the third 
will correspondingly start execution of the program at the sub - sequence of instructions ( and so on , if there are more 
new , start ( entry ) point set by the execution of the set - entry set - entry instructions in the program ) . 
instruction , and then execute the program to completion 15 In this way , different threads can be configured to omit 
from that point . ( skip ) execution of different ) sub - sequences of instructions 

Although the technology described herein has primarily in the program . 
been described above with reference to a program contain- In this case , the operation in respect of each particular 
ing one set - entry instruction ( and in one embodiment , the set - entry instruction in the program is in an embodiment 
program does contain only a single set - entry instruction ) , it 20 configured and in accordance with the operation of the 
would be possible for a program to be provided with and to set - entry instruction as discussed above . Thus each set - entry 
include plural set - entry instructions , if desired ( and in one instruction will , when executed , in an embodiment modify a 
embodiment , this is done ) . local copy of the start instruction indication to indicate a 

The Applicants have recognised in this regard that there new , different ( and in an embodiment later ) start instruction 
may be circumstances where it is desirable to sub - divide a 25 for subsequent execution threads . ( Correspondingly , each 
program into more than two parts , e.g. with each such part different set - entry instruction will modify the ( same ) start 
comprising a respective subset of the instructions for the instruction indication for the program to indicate a different 
program , e.g. being respectively configured to execute dif- start instruction when executed . Thus there will be a single 
ferent “ tasks ” ( sequences of instructions ) within the overall set - entry instruction indication that will be progressively 
program to be executed , with execution threads then being 30 modified as the different set - entry instructions in the pro 
triggered to execute some or all of the different parts of the gram are executed . ) 
program through the inclusion and use of appropriate set- Correspondingly , the execution of the different set - entry 
entry instructions . instructions by threads in a set of threads that are executing 

This would then allow a finer sub - division of the instruc- the program is in an embodiment tracked so as to determine 
tions executed by ( and thus operations performed by ) 35 when a ( and each ) set - entry instruction has been executed by 
respective threads executing the program to be provided . a thread ( so as to , e.g. , and in an embodiment , then release / 

In this case , each desired sub - division of the sequence of issue for execution threads that are waiting for that event ) . 
instructions for the program is in an embodiment configured Again , this is in an embodiment done by providing 
and triggered by the inclusion of an appropriate set - entry appropriate flags that can be used to indicate the execution 
instruction , with execution threads then progressively 40 of a set - entry instruction . In this case , there would , e.g. , and 
executing the set - entry instructions in the instruction in an embodiment , be an appropriate flag for each different 
sequence for the program , such that later threads will then set - entry instruction , with that flag then being reset when the 
execute , e.g. , and in an embodiment , progressively smaller corresponding set - entry instruction is executed by a thread . 
parts of the program ( and correspondingly progressively Each such flag could , e.g. , have an appropriate index to 
omit ( skip ) more and more earlier parts of the program ) . 45 identify the flag in question , with that flag index then being 

Thus , in an embodiment , a program to be executed is correspondingly indicated ( e.g. encoded ) in the set - entry 
provided with and includes two or more set - entry instruc- instruction that it relates to ( so as to allow the flag to be reset 
tions in the manner of the technology described herein , with when the set - entry instruction is executed to be identified ) . 
each different set - entry instruction changing the start Once all the flags are reset , then all threads may start 
instruction indication to indicate a different instruction in the 50 execution of the program . 
program at which threads should start their execution of the In the case where more than two set - entry instructions are 
program . included in a program ( i.e. there are more than two start 

In this case therefore there will , for example , and in an ( entry ) points for execution threads in the program ) , then the 
embodiment , be a first sub - sequence of instructions for the plural start ( entry ) points for execution threads that are 
program followed by a first set - entry instruction , followed 55 provided in the program can be selected as desired . 
by a second sub - sequence of instructions for the program In an embodiment , one of the entry points is the start of 
followed by a second set - entry instruction , followed by a the program ( i.e. at the first instruction in the sequence of 
third sub - sequence of instructions for the program ( and so instructions for the program , and from which a thread may 
on , if desired ) . be correctly executed to completion , without , for example , 

Then , when executing the program , threads will initially 60 relying on data output by any other thread ) . 
start at the beginning of the program ( and so execute the There is in an embodiment then a start ( entry ) point that 
first , second and third sub - sequences of instructions in the is after a first subset of instructions that execute common 
program ) , but when a thread reaches and executes the first expressions for the program as a whole ( i.e. that relate to 
set - entry instruction , the start instruction indication for the ( that will produce the same result for ) all the threads ( work 
program will be changed to indicate the start instruction for 65 items ) ( that are common to all the threads ) in a set of plural 
that first set - entry instruction such that , e.g. , and in an threads to be executed , but before a second subset of 
embodiment , threads executing thereafter will omit the first instructions that execute common expressions that relate to 
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( that will produce the same result for ) only subsets of threads expressions in the program are stored in appropriate local 
( work items ) within an overall set of threads ( work items ) to storage of the graphics processor , such as a cache , and in an 
be executed . embodiment in registers of the graphics processor . The data 

( The latter may be the case , for example , where execution values are in an embodiment stored in appropriate local 
threads for a shader program can be grouped into respective 5 storage , e.g. and in an embodiment registers , that are shared 
work groups , such as could be the case for compute shaders , by all the threads that are executing the program , so that 
such as OpenCL and DirectCompute . In this case , there may those values are available for use by other threads for later be a set of expressions that will produce the same result for parts of the program without the need to load them from 
each thread ( work item ) in a work group , but which could or other memory . will produce different results for different work groups . ) Although the technology described herein has been There is in an embodiment then a start ( entry ) point that described above with reference to execution of threads and is after both a first subset of instructions that execute 
common expressions for the program as a whole ( i.e. that threads executing the program ( and the set - entry instruc 
relate to that will produce the same result for ) all the threads tion ) , etc. , it will be appreciated that in the case where the 
( work items ) ( that are common to all the threads ) in a set of 15 execution unit is operable to execute threads as respective 
plural threads to be executed and a second subset of instruc thread groups ( warps ) of plural threads together , then the 
tions that execute common expressions that relate to ( that operation in the manner of the technology described herein 
will produce the same result for ) only subsets of threads should be performed for respective thread groups ( “ warps ” ) 
( work items ) within an overall set of threads ( work items ) to accordingly . 
be executed . ( ( Shader ) program execution efficiency may be improved 

Thus , in an embodiment , it is possible for execution by grouping execution threads ( where each thread corre 
threads to start execution of the shader program after sponds to one work item ) into “ groups ” or “ bundles ” of 
instructions that execute expressions in the shader program threads , where the threads of one group are run in lockstep , 
that will be " common ” for a subset or subsets of a set of e.g. one instruction at a time . In this way , it is possible to 
execution threads ( work items ) that the shader program is 25 share instruction fetch and scheduling resources between all 
being executed for , as well as after sets of instructions in the the threads in the group . Other terms used for such thread 
shader program that execute expressions that are common groups include “ warps ” and “ wavefronts ” . For convenience , 
for all the threads ( work items ) in a set of threads ( work the term “ thread group ” will be used herein , but this is 
items ) that the shader program is being executed for . intended to encompass all equivalent terms and arrange 

Correspondingly , in an embodiment , there are three start 30 ments , unless otherwise indicated . ) 
points in the shader program for execution threads , one at Thus , in this case , the program will be executed by 
the beginning of the shader program , one after a first set of respective groups of plural threads ( and respective thread 
instructions that execute common expressions in the shader groups will be issued to the programmable execution unit to 
program as a whole , and a third start point after a second set execute the program ) , with each thread group that is to 
of instructions that execute common expressions for respec- 35 execute the program determining from the start instruction 
tive work groups . indication which instruction in the program to start its 
As will be appreciated from the above , in operation of the execution of the program at , and each individual thread in 

technology described herein , at least in its embodiments , at the thread group in question then starting its execution of the 
least one thread will execute the complete program , but program at the indicated instruction . 
other threads will omit ( not execute ) instructions in the 40 A respective thread group will then execute the set - entry 
program , such as instructions that perform common expres- instruction to change the start instruction for later thread 
sions in the program prior to the new start point for the groups to the new , different instruction , and any later thread 
program that is set by execution of the set - entry instruction . groups that execute the program after a thread group has 

This being the case , in an embodiment the results ( data executed the set - entry instruction will then start their execu 
value ( s ) ) that are generated by execution of the instructions 45 tion of the program at the new , different start ( entry ) instruc 
in the program prior to a ( and the ) new , “ set - entry ” entry tion . 
point ( e.g. , and in an embodiment , that are generated by the As will be appreciated by those skilled in the art , the 
common expressions in the program ) are made available for graphics processor ( graphics processing unit ) of the tech 
use to other threads that are executing the program ( and in nology described herein will be part of an overall graphics 
particular to other threads that start the program at a differ- 50 processing system that will include , e.g. , and in an embodi 
ent , later point and thus do not themselves execute the ment , a host processor that , e.g. , executes applications that 
instructions prior to the new , “ set - entry ” entry point ( e.g. for require graphics processing by the graphics processor . The 
the common expressions in question ) ) . host processor will send appropriate commands and data to 

These , earlier , e.g. common , expression results ( data the graphics processor to control it to perform graphics 
values ) can be provided for use for other execution threads 55 processing operations and to produce graphics processing 
in any suitable and desired manner . In an embodiment the ( render ) output required by applications executing on the 
results are stored so as to be accessible to other execution host processor . To facilitate this , the host processor should , 
threads that are executing the program . and in an embodiment does , also execute a driver for the 

The earlier , e.g. common , expression , results ( data values ) graphics processor and a compiler or compilers for compil 
could be stored in any suitable storage that is accessible to 60 ing ( shader ) programs to be executed by the programmable 
the graphics processing pipeline . Thus they could , for execution unit of the graphics processor . 
example , be stored appropriately in memory , with load The graphics processor may also comprise , and / or be in 
operations ( instructions ) to load those values from memory communication with , one or more memories and / or memory 
for threads then being used to load those values when they devices that store the data described herein , and / or the 
are required for other threads and later expressions in the 65 output data generated by the graphics processor , and / or 
program . However , in an embodiment , the results ( data software for performing the processes described herein . The 
values ) that are generated by the earlier , e.g. common , graphics processor may also be in communication with a 
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host microprocessor , and / or with a display for displaying herein provides computer software specifically adapted to 
images based on the data generated by the graphics proces- carry out the methods herein described when installed on a 

data processor , a computer program element comprising 
As well as any programmable processing ( shader ) stages , computer software code portions for performing the meth 

the graphics processing pipeline that the graphics processor 5 ods herein described when the program element is run on a 
executes may also contain any other suitable and desired data processor , and a computer program comprising code 
processing stages that a graphics processing pipeline may adapted to perform all the steps of a method or of the 
contain such as a rasteriser , an early depth ( or an early depth methods herein described when the program is run on a data 
and stencil ) tester , a late depth ( or depth and stencil ) tester , processing system . The data processor may be a micropro 
a blender , a tile buffer , a write out unit , etc. 10 cessor system , a programmable FPGA ( field programmable 

The technology described herein can be used for all forms gate array ) , etc. 
of output that a graphics processing pipeline may be used to The technology described herein also extends to a com 
generate , such as frames for display , render - to - texture out- puter software carrier comprising such software which when 
puts , etc. The output , e.g. fragment shaded , data values from used to operate a graphics processor , renderer or micropro 
the graphics processing are in an embodiment exported to 15 cessor system comprising a data processor causes in con 
external , e.g. main , memory , for storage and use , such as to junction with said data processor said processor , renderer or 
a frame buffer for a display . system to carry out the steps of the methods of the technol 

The technology described herein is applicable to any ogy described herein . Such a computer software carrier 
suitable form or configuration of graphics processor . It is could be a physical storage medium such as a ROM chip , 
particularly applicable to tile - based graphics processors and 20 CD ROM , RAM , flash memory , or disk , or could be a signal 
graphics processing systems . Thus in an embodiment , the such as an electronic signal over wires , an optical signal or 
graphics processing system and graphics processing pipeline a radio signal such as to a satellite or the like . 
are a tile - based system and pipeline , respectively . It will further be appreciated that not all steps of the 

In an embodiment , the various functions of the technol- methods of the technology described herein need be carried 
ogy described herein are carried out on a single graphics 25 out by computer software and thus from a further broad 
processing platform that generates and outputs the rendered embodiment the technology described herein provides com 
fragment data that is , e.g. , written to the frame buffer for the puter software and such software installed on a computer 
display device . software carrier for carrying out at least one of the steps of 

The technology described herein can be implemented in the methods set out herein . 
any suitable system , such as a suitably configured micro- 30 The technology described herein may accordingly suit 
processor based system . In an embodiment , the technology ably be embodied as a computer program product for use 
described herein is implemented in a computer and / or with a computer system . Such an implementation may 
micro - processor based system . comprise a series of computer readable instructions either 

The various functions of the technology described herein fixed on a tangible , non - transitory medium , such as a 
can be carried out in any desired and suitable manner . For 35 computer readable medium , for example , diskette , CD 
example , the functions of the technology described herein ROM , ROM , RAM , flash memory , or hard disk . It could also 
can be implemented in hardware or software , as desired . comprise a series of computer readable instructions trans 
Thus , for example , unless otherwise indicated , the various mittable to a computer system , via a modem or other 
functional elements , stages , and “ means ” of the technology interface device , either over a tangible medium , including 
described herein may comprise a suitable processor or 40 but not limited to optical or analogue communications lines , 
processors , controller or controllers , functional units , cir- or intangibly using wireless techniques , including but not 
cuits , circuitry , processing logic , microprocessor arrange- limited to microwave , infrared or other transmission tech 
ments , etc. , that are operable to perform the various func- niques . The series of computer readable instructions embod 
tions , etc. , such as appropriately dedicated hardware ies all or part of the functionality previously described 
elements ( circuits ) and / or programmable hardware elements 45 herein . 
( circuits ) that can be programmed to operate in the desired Those skilled in the art will appreciate that such computer 

readable instructions can be written in a number of pro 
It should also be noted here that , as will be appreciated by gramming languages for use with many computer architec 

those skilled in the art , the various functions , etc. , of the tures or operating systems . Further , such instructions may be 
technology described herein may be duplicated and / or car- 50 stored using any memory technology , present or future , 
ried out in parallel on a given processor . Equally , the various including but not limited to , semiconductor , magnetic , or 
processing stages may share processing circuits , etc. , if optical , or transmitted using any communications technol 
desired . ogy , present or future , including but not limited to optical , 

Subject to any hardware necessary to carry out the spe- infrared , or microwave . It is contemplated that such a 
cific functions discussed above , the data processing system 55 computer program product may be distributed as a remov 
and pipeline can otherwise include any one or more or all of able medium with accompanying printed or electronic docu 
the usual functional units , circuits , etc. , that data processing mentation , for example , shrink - wrapped software , pre 
system and pipelines include . loaded with a computer system , for example , on a system 

It will also be appreciated by those skilled in the art that ROM or fixed disk , or distributed from a server or electronic 
all of the described embodiments of the technology 60 bulletin board over a network , for example , the Internet or 
described herein can , and in an embodiment do , include , as World Wide Web . 
appropriate , any one or more or all of the features described A number of embodiments of the technology described 
herein . herein will now be described in the context of the processing 

The methods in accordance with the technology described of computer graphics for display . 
herein may be implemented at least partially using software 65 FIG . 1 shows a typical computer graphics processing 
e.g. computer programs . It will thus be seen that when system , comprising a host processor 1 , a graphics processor 
viewed from further embodiments the technology described ( GPU ) 3 , and a ( main ) memory 6 . 

manner . 
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An application 2 , such as a game , executing on the host stencil test 26 , a renderer in the form of a fragment shader 
processor 1 will require graphics processing operations to be stage 27 , a late Z ( depth ) and stencil test 28 , a blender 29 , 
performed by the associated graphics processing unit a tile buffer 30 and a downsampling and writeout ( multi 
( graphics processor ) ( GPU ) 3 that executes a graphics sample resolve ) stage 31 . 
processing pipeline . To do this , the application will generate 5 The vertex shader 20 takes the input data values associ 
API ( Application Programming Interface ) calls that are ated with the vertices , etc. , defined for the output to be 
interpreted by a driver 4 for the graphics processor 3 that is generated , and processes those data values to generate a set 
running on the host processor 1 to generate appropriate of corresponding “ vertex shaded ” output data values for use 
commands to the graphics processor 3 to generate graphics by subsequent stages of the graphics processing pipeline 33 . 
output required by the application 2. To facilitate this , a set 10 The vertex shading , for example , modifies the input data to 
of " commands ” and data will be provided to the graphics take account of the effect of lighting in the image to be 
processor 3 ( e.g. via the memory 6 ) in response to com- rendered . 
mands from the application 2 running on the host system 1 The hull shader 21 performs operations on sets of patch 
for graphics output ( e.g. to generate a frame to be displayed ) . control points and generates additional data known as patch 
FIG . 2 shows the graphics processing pipeline 33 15 constants , the tessellation stage 22 subdivides geometry to 

executed by the graphics processor 3 in the present embodi- create higher - order representations of the hull , the domain 
ments in more detail . shader 23 performs operations on vertices output by the 

The graphics processing pipeline 33 shown in FIG . 2 is a tessellation stage ( similar to a vertex shader ) , and the 
tile - based renderer and will thus produce tiles of a render geometry shader 24 processes entire primitives such as a 
output data array , such as an output frame to be generated . 20 triangles , points or lines . These stages together with the 

( In tile - based rendering , rather than the entire render vertex shader 21 effectively perform all the necessary frag 
output , e.g. , frame , effectively being processed in one go as ment frontend operations , such as transformation and light 
in immediate mode rendering , the render output , e.g. , frame ing operations , and primitive setup , to setup the primitives to 
to be displayed , is divided into a plurality of smaller be rendered , in response to commands and vertex data 
sub - regions , usually referred to as “ tiles ” . Each tile ( sub- 25 provided to the graphics processing pipeline 33 . 
region ) is rendered separately ( typically one - after - another ) , The rasteriser 25 of the graphics processing pipeline 33 
and the rendered tiles ( sub - regions ) are then recombined to operates to rasterise the primitives making up the render 
provide the complete render output , e.g. , frame for display . output ( e.g. the image to be displayed ) into individual 
In such arrangements , the render output is typically divided graphics fragments for processing . To do this , the rasteriser 
into regularly - sized and shaped sub - regions ( tiles ) ( which 30 25 receives graphics primitives for rendering , rasterises the 
are usually , e.g. , squares or rectangles ) , but this is not primitives to sampling points and generates graphics frag 
essential . ) ments having appropriate positions ( representing appropri 

The render output data array may typically be an output ate sampling positions ) for rendering the primitives . 
frame intended for display on a display device , such as a The fragments generated by the rasteriser are then sent 
screen or printer , but may also , for example , comprise 35 onwards to the rest of the pipeline for processing . 
intermediate data intended for use in later rendering passes The early Z / stencil test 26 performs a Z ( depth ) test on 
( also known as a “ render to texture ” output ) , etc. fragments it receives from the rasteriser 25 , to see if any 

( When a computer graphics image is to be displayed , it is fragments can be discarded ( culled ) at this stage . To do this , 
usually first defined as a series of primitives ( polygons ) , it compares the depth values of ( associated with ) fragments 
which primitives are then divided ( rasterised ) into graphics 40 issuing from the rasteriser 25 with the depth values of 
fragments for graphics rendering in turn . During a normal fragments that have already been rendered ( these depth 
graphics rendering operation , the renderer will modify the values are stored in a depth ( Z ) buffer that is part of the tile 
( e.g. ) colour ( red , green and blue , RGB ) and transparency buffer 30 ) to determine whether the new fragments will be 
( alpha , a ) data associated with each fragment so that the occluded by fragments that have already been rendered ( or 
fragments can be displayed correctly . Once the fragments 45 not ) . At the same time , an early stencil test is carried out . 
have fully traversed the renderer , then their associated data Fragments that pass the fragment early Z and stencil test 
values are stored in memory , ready for output , e.g. for 26 are then sent to the fragment shading stage 27. The 
display . ) fragment shading stage 27 performs the appropriate frag 
FIG . 2 shows the main elements and pipeline stages of the ment processing operations on the fragments that pass the 

graphics processing pipeline 33 that are relevant to the 50 early Z and stencil tests , so as to process the fragments to 
operation of the present embodiment . As will be appreciated generate the appropriate rendered fragment data . 
by those skilled in the art there may be other elements of the This fragment processing may include any suitable and 
graphics processing pipeline that are not illustrated in FIG . desired fragment shading processes , such as executing frag 
2. It should also be noted here that FIG . 2 is only schematic , ment shader programs on the fragments , applying textures to 
and that , for example , in practice the shown functional units 55 the fragments , applying fogging or other operations to the 
and pipeline stages may share significant hardware circuits , fragments , etc. , to generate the appropriate fragment data . In 
even though they are shown schematically as separate stages the present embodiment , the fragment shading stage 27 is in 
in FIG . 2. It will also be appreciated that each of the stages , the form of a shader pipeline ( a programmable fragment 
elements and units , etc. , of the graphics processing pipeline shader ) 
as shown in FIG . 2 may be implemented as desired and will 60 There is then a “ late ” fragment Z and stencil test 28 , 
accordingly comprise , e.g. , appropriate circuits ( processing which carries out , inter alia , an end of pipeline depth test on 
logic ) , such as programmable or fixed - function circuits , etc. , the shaded fragments to determine whether a rendered 
for performing the necessary operations and functions . fragment will actually be seen in the final image . This depth 
As shown in FIG . 2 , the graphics processing pipeline 33 test uses the Z - buffer value for the fragment's position stored 

includes a number of stages , including vertex shader 20 , a 65 in the Z - buffer in the tile buffer 30 to determine whether the 
hull shader 21 , a tesselator 22 , a domain shader 23 , a fragment data for the new fragments should replace the 
geometry shader 24 , a rasteriser 25 , an early Z ( depth ) and fragment data of the fragments that have already been 
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rendered , by comparing the depth values of ( associated 5 to binary code for the target graphics processing pipeline 
with ) fragments issuing from the fragment shading stage 27 33. This may include the creation of one or more interme 
with the depth values of fragments that have already been diate representations of the program within the compiler . 
rendered ( as stored in the depth buffer ) . This late fragment ( The compiler 5 may , e.g. , be part of the driver 4 , with there 
depth and stencil test 28 also carries out any necessary “ late ” 5 being a special API call to cause the compiler to run . The 
alpha and / or stencil tests on the fragments . compiler execution can thus be seen as being part of the The fragments that pass the late fragment test 28 are then draw call preparation done by the driver in response to API subjected to , if required , any necessary blending operations calls generated by an application ) . with fragments already stored in the tile buffer 30 in the FIG . 2 shows schematically the operation stages of the blender 29. Any other remaining operations necessary on the 10 graphics processing pipeline 33 that is executed by the fragments , such as dither , etc. ( not shown ) are also carried 
out at this stage . graphics processing unit 3 . 

Finally , the ( blended ) output fragment data ( values ) are FIG . 3 shows the corresponding functional units of the 
written to the tile buffer 30 from where they can , for graphics processing unit ( processor ) 3 that are used to 
example , be output to a frame buffer for display . The depth 15 perform ( and thus to act as ) various ones of the processing 
value for an output fragment is also written appropriately to operations and stages of the graphics processing pipeline 33 
a Z - buffer within the tile buffer 30. ( The tile buffer stores shown in FIG . 2. ( There may be other functional units in the 
colour and depth buffers that store an appropriate colour , graphics processing unit 3. FIG . 3 shows those functional 
etc. , or Z - value , respectively , for each sampling point that units that are relevant to operation in the manner of the 
the buffers represent ( in essence for each sampling point of 20 technology described herein only for simplicity . ) 
a tile that is being processed ) . ) These buffers store an array As shown in FIG . 3 , the graphics processing unit 3 
of fragment data that represents part ( a tile ) of the overall includes a rasteriser 40 , a thread spawner 41 , a program 
render output ( e.g. image to be displayed ) , with respective mable execution unit ( circuit ) 42 , a varying interpolator 43 , 
sets of sample values in the buffers corresponding to respec- a texture mapper 44 , a blender 45 , and a set of registers 46 . 
tive pixels of the overall render output ( e.g. each 2x2 set of 25 The thread spawner 41 is operable to spawn execution 
sample values may correspond to an output pixel , where 4x threads and groups of execution threads ( warps ) for execu 
multisampling is being used ) . tion by the programmable execution unit 42 , e.g. for frag 

The tile buffer is provided as part of RAM that is located ments that it receives from the rasteriser 40 . on ( local to the graphics processing pipeline ( chip ) . 
The data from the tile buffer 30 is input to a downsam- 30 shader programs to perform the shader operations of the The programmable execution unit 42 operates to execute 

pling ( multisample resolve ) write out unit 31 , and thence graphics processing pipeline , such as the hull shader , the output ( written back ) to an external memory output buffer , vertex shader and the fragment shader . To do this , it receives such as a frame buffer of a display device ( not shown ) . ( The 
display device could comprise , e.g. , a display comprising an ( groups of ) execution threads from the thread spawner 41 
array of pixels , such as a computer monitor or a printer . ) and executes the relevant shader program for those execu 

The downsampling and writeout unit 31 downsamples the tion threads . As part of this operation , and as shown in FIG . 
fragment data stored in the tile buffer 30 to the appropriate 3 , the execution threads will read data from and write data 
resolution for the output buffer ( device ) ( i.e. such that an to respective registers 46 . 
array of pixel data corresponding to the pixels of the output As part of this processing , and as shown in FIG . 3 , the 
device is generated ) , to generate output values ( pixels ) for 40 programmable execution unit 42 can call upon the varying 
output to the output buffer . interpolator 43 , the texture mapper 44 and the blender 45 to 

Once a tile of the render output has been processed and its perform specific graphics processing operations . To do this , 
data exported to a main memory ( e.g. to a frame buffer in a the programmable execution unit will send appropriate 
main memory ( not shown ) ) for storage , the next tile is then messages to the relevant accelerator ( and receive the appro 
processed , and so on , until sufficient tiles have been pro- 45 priate response therefrom ) , e.g. in response to specific 
cessed to generate the entire render output ( e.g. frame instructions in a shader program that it is executing . 
( image ) to be displayed ) . The process is then repeated for the The varying interpolator 43 operates to interpolate values 
next render output ( e.g. frame ) and so on . across graphics primitives , and , as part of this operation , Other arrangements for the graphics processing pipeline often creates texture coordinates to be used for sampling 33 would , of course , be possible . graphics textures . The above describes certain features of the operation of The texture mapper 44 operates to sample graphics tex the graphics processing system shown in FIG . 1. Further 
features of the operation of the graphics processing system tures using texture coordinates , e.g. generated by the varying 
shown in FIG . 1 in accordance with embodiments of the interpolator 43 , and produces therefrom a filtered texture 
technology described herein will now be described . sample result ( which it can then return to the programmable 
As can be seen from FIG . 2 , the graphics processing execution unit 42 for use , e.g. when shading sampling 

pipeline 33 includes a number of programmable processing points ) 
or “ shader ” stages , namely the vertex shader 20 , hull shader The blender 45 operates to blend , e.g. , fragment shading 
21 , domain shader 23 , geometry shader 24 , and the fragment results generated by the programmable execution unit 42 
shader 27. These programmable shader stages execute 60 with previously generated fragment shader results , such as 
respective shader programs that have one or more input results that are already stored in the tile buffer and / or the 
variables and generate sets of output variables and that are frame buffer . 
provided by the application . As discussed above , the programmable execution unit 42 

To do this , the application 2 provides the shader programs executes shader programs to be executed for execution 
implemented using a high - level shader programming lan- 65 threads and groups ( warps ) of execution threads that it 
guage , such as GLSL , HLSL , OpenCL , etc. These shader receives from the thread spawner 41 to perform graphics 
programs are then translated by a shader language compiler processing operations . 
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A number of embodiments for the execution of shader instruction 52 for a thread , the local copy 55 of the start 
programs by execution threads in the programmable execu- instruction indication is updated to indicate a new start 
tion unit 42 will now be described with reference to FIGS . instruction ( entry point ) for the shader program . In this 
4 to 9 . example , the start instruction indication 55 is updated to 

In these embodiments , threads can begin their execution 5 indicate the next instruction 57 in the instruction sequence 
of a shader program at different start ( entry ) points within a after the set - entry instruction 52 ( as shown in FIG . 5 ) , but 
shader program , and the change of start ( entry ) point for a other arrangements would be possible , such as the set - entry 
shader program is triggered by the execution of a set - entry instruction 52 explicitly indicating the new entry point 
instruction that is included in the shader program . ( program counter value ) that the local copy of the start 
FIGS . 4-6 show this operation in an embodiment of the 10 instruction indication 55 should be set to ( changed to ) . 

technology described herein . As can be seen from FIG . 5 , execution of the set - entry 
As shown in FIG . 4 , a shader program 50 to be executed instruction 52 only updates the local copy 55 of the start 

will include an appropriate sequence of instructions 51 ( in instruction indication . The original start instruction indica 
this example five instructions ) , with one of the instructions tion 54 for the shader program 50 is not changed , so that that 
in the sequence of instructions 51 for the shader program 50 15 start instruction indication will indicate the correct entry 
comprising a “ set - entry ” instruction 52 in accordance with point should the shader program 50 fall to be executed for 
the technology described herein . a new set of execution threads . 

The shader program 50 for execution by the program Threads that start their execution of the shader program 
mable execution unit 42 of the graphics processor 3 will be 50 after a thread has executed the set - entry instruction 52 
prepared and generated by the compiler 5 for the graphics 20 ( and thereby updated the local copy 55 of the start instruc 
processor , e.g. , and in an embodiment , based on a higher tion indication ) , will accordingly start their execution of the 
level shader program ( expressions ) provided by an applica- shader program from the updated shader entry point . 
tion 2 that requires graphics processing . The shader program FIG . 6 illustrates this , and shows a later thread starting its 
50 may be stored , e.g. , in the main memory 6 , and accessed execution of the shader program 50 after the local copy 55 
therefrom by the graphics processor 3 ( and in particular by 25 of the start instruction indication has been updated at the 
the programmable execution unit 42 ) when it is to be new shader entry point , namely the instruction 57 after the 
executed by execution threads . set - entry instruction 52. Subsequent threads starting their 
As shown in FIG . 4 , as well as the shader program execution of the shader program will accordingly all start 

including the set - entry instruction 52 , the driver also gen- their execution of the shader program 50 at the new start 
erates an appropriate set of state data for the shader program 30 instruction 57 . 
50 , in the form of a shader descriptor 53. The shader The effect of this then is that the inclusion of the set - entry 
descriptor 53 includes in particular , as shown in FIG . 4 , a instruction 52 in the shader program 50 can be used to 
start instruction indication 54 , which indicates the instruc- trigger a change of entry point for later execution threads 
tion at which a thread should start its execution of the shader executing the shader program , thereby , for example , allow 
program ( the “ shader entry point ” ) . 35 ing those instruction threads to omit ( skip ) the earlier 
As shown in FIG . 4 , when the shader descriptor 53 is instructions in the shader program that are before the set 

initially generated for the shader program , the start instruc- entry instruction . 
tion indication ( shader entry point ) 54 is set to the first The Applicants have recognised in this regard that many 
instruction in the shader program ( so a program count of 0 ) . shader programs may contain expressions that will produce 
The shader descriptor 53 , including the start instruction 40 the same result for plural threads that execute the shader 
indication 54 , is again stored in the main memory 6 for program as well as expressions that will need to be executed 
access by the graphics processor 3 . independently for each thread that executes the shader 

Then , when the shader program is to be executed by the program . 
graphics processor 3 , as shown in FIG . 4 , the thread spawner FIG . 7 shows an example of this in a shader program . FIG . 
41 of the graphics processor 3 will fetch and store a local 45 7 shows an exemplary fragment shader program 70 , which 
copy 55 of the shader descriptor 53 , including the start can be divided into two distinct workloads , a set of expres 
instruction indication 54. It will then issue threads to the sions 71 in the fragment shader program 70 that will produce 
programmable execution unit to execute the shader program . the same results for each execution thread ( and thus can be 
As shown in FIG . 4 , when execution of the program is thought of as a “ thread - common ” workload 51 ) , and a set of 

started ( for the first thread or threads that is to execute the 50 expressions 72 that need to be executed independently for 
shader program ) , that all those threads will start their execu- each fragment , and thus can be considered to be a “ per 
tion of the shader program at the shader entry point indicated fragment ” workload 72 . 
by the start instruction indication 54 , and so at the first Thus , as shown in FIG . 7 , the compiler can compile the 
instruction ( program count 0 ) in the shader program . shader program 70 into two distinct workloads , a “ common 

Thus at this stage , the initial shader program counter 56 55 expression ” workload 71 and a " per fragment ” workload 72 
for each thread that is to execute the program will be set to ( with a temporary uniform value ( “ uniform temp ” ) being 
instruction “ O ” as indicated by the local copy 55 of the start used to store the result ( s ) of the common expression work 
instruction indication . load 71 for use for each fragment when the relevant per 

The execution thread ( s ) that is executing the shader fragment workload expressions 72 are executed ) . 
program will then execute the instructions in the shader 60 Furthermore , the compiler can insert a set - entry instruc 
program in turn in the normal manner , but when a thread tion in the manner of the technology described herein 
reaches and executes the set - entry instruction 52 in the between the “ common expression ” workload 71 and the “ per 
shader program , it will modify the local copy 55 of the start fragment ” workload 72 sets of instructions in the shader 
instruction indication to indicate a new start instruction program , to thereby , as illustrated in FIGS . 4-6 , cause 
( shader entry point ) . 65 threads executing the shader program to initially execute 

This is illustrated in FIG . 5 , which shows that when the both the “ common expression ” workload 71 and the “ per 
programmable execution unit 42 executes the set - entry fragment ” workload 72 , but then once a thread has executed 
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the set - entry instruction , allow later threads to execute the set by the set - entry instruction save their results to appro 
per fragment expressions 72 only ( and using the result ( s ) priate registers 46 , so that those results are then available for 
from the thread ( s ) that executed the common expressions later threads ( that will not themselves execute the common 
71 ) . instructions ) when they execute the relevant instruction 

This then helps to reduce or avoid repeated execution of 5 sequence ( s ) . Other arrangements , such as saving the com 
the common expressions 71 for plural execution threads . mon expression results out to main memory and then 

For example , when executing the so - compiled shader reloading those results for later threads would be possible , if 
program , a single thread , for example , can be issued to desired . 
execute both the common expressions 71 and the per frag- FIG . 10 shows another embodiment of execution of a 
ment expressions 72 , but with the other threads only execut- 10 shader program . This is similar to the execution flow shown 
ing the per fragment expressions 72 ( and using the result ( s ) in FIG . 9 , but in FIG . 10 the operation is configured such that 
from the thread that executed the common expressions 71 ) . only the first thread group to execute the shader program 
FIG . 8 illustrates this , and shows an example compiled starts its execution of the shader program , and any other 

version 80 of the shader program 70 that includes the thread groups that are to execute the shader program delay 
set - entry instruction 52 after the instructions for the common 15 their start of execution of the shader program until the first 
workload and before the instructions for the per fragment thread group has executed the set - entry instruction . This 
workload . then ensures that only the single , initial thread group will 
FIG . 9 is a flowchart illustrating execution of a shader execute the instructions in the shader program ( e.g. the 

program that includes a set - entry instruction in an embodi- common expressions ) before the set - entry instruction , with 
ment of the technology described herein in more detail . 20 all remaining thread groups then only executing the per 

In the embodiment illustrated in FIG . 9 , it is assumed that thread group instructions that are after the set - entry instruc 
respective groups ( warps ) of execution threads will be tion in the shader program . 
issued to the programmable execution unit , with the threads As shown in FIG . 10 , the process again starts with reading 
of a given thread group ( warp ) executing the shader program of the shader program descriptor and setting the local entry 
together , one instruction at a time . It is also assumed that 25 point 91 to the program start ( steps 90 and 92 ) . 
respective thread groups ( warps ) are simply issued to However , it is then determined whether the program 
execute the shader program continuously , so that , for includes a set - entry instruction ( step 110 ) . This may be 
example , more than one thread group ( warp ) may start indicated as desired , for example , and in an embodiment , by 
execution of the program before a thread group ( warp ) has associating the program with an appropriate flag that can be 
executed the set - entry instruction . 30 set to indicate the presence of a set - entry instruction . 
As shown in FIG . 9 , the execution of the program starts In the case where the program does include a set - entry 

with the thread group ( warp ) spawner reading the descriptor instruction , then a first thread group to execute the program 
for the shader program ( step 90 ) , and then setting the local is selected ( step 111 ) , and that thread group starts its 
start instruction indication ( entry point ) 91 for the shader execution of the program at the start of the program ( steps 
program to the start of the program ( as that will be the initial 35 112 and 113 ) . Again , to execute the program , that thread 
start entry point indicated by the start instruction indication ) group will fetch and execute instructions in turn and as part 
( step 92 ) . of that processing will identify the set - entry instruction in 

The next thread group to execute the shader program will the shader program and update the local entry point 91 when 
then be selected ( step 93 ) and the shader program start it executes the set - entry instruction ( steps 96-100 ) . Thus the 
( entry ) point ( program counter value ) for that thread group 40 first thread group will execute the program through to 
( warp ) will be set to the currently indicated “ local ” entry completion , including executing the set - entry instruction . 
point 91 ( step 94 ) . As at this point the set - entry instruction Whilst the first thread group is executing the program , the 
has yet to be executed by a thread group , the entry point for thread group spawner tracks whether the set - entry instruc 
the thread group will accordingly be set to the start of the tion has been executed by the first thread group ( step 114 ) , 
program . 45 and ( only ) when the set - entry instruction has been executed 

The thread group will then start its execution of the by the first thread group ( so as to update the local entry point 
program ( step 95 ) . 91 ) , does it then begin to issue other thread groups to execute 
As shown in FIG . 9 , executing the program for respective the shader program . The execution of the set - entry instruc 

thread groups may be performed in parallel for each active tion by the first thread group can be detected and indicated 
thread group ( warp ) , and will comprise for each warp , 50 as desired , for example by unsetting the flag that indicated 
fetching the next instruction to be executed ( step 96 ) , the presence of the set - entry instruction . 
determining whether that instruction is the set - entry instruc- Once the set - entry instruction has been executed ( and in 
tion ( step 97 ) , and , if so , updating the locally stored start the case where the program does not include a set - entry 
instruction ( entry point ) indication 91 to the new entry point instruction ) , then the thread spawner will start to select 
( step 98 ) ( or otherwise executing the instruction ( step 99 ) ) . 55 further thread groups to issue for execution in turn ( step 
This will be repeated for the thread for each instruction in 115 ) , and those thread groups will then execute the shader 
the program ( step 100 ) . program , starting at the indicated entry point in the local 

Correspondingly , this operation will be performed for entry point indication 91 ( steps 116 and 117 ) . ( Again , as 
each thread group ( warp ) that is in the set of thread groups shown in FIG . 10 , execution of the shader program for a 
that are to execute the program ( step 101 ) . 60 warp will comprise fetching and executing each instruction 
As will be appreciated from FIG . 9 , once a thread group in the program in turn for the threads of the warp ( steps 118 , 

executes the set - entry instruction at step 97 and updates the 119 and 120 ) . ) 
local copy of the entry point 91 at step 98 , then thread groups This will then be repeated until all the warps have 
that are selected to be executed thereafter will start at the executed the shader program ( step 121 ) . 
new , updated entry point in the shader program . As can be seen from FIG . 10 , the effect of the operation 

In this process , any threads that execute the ( common shown in FIG . 10 is that only the first thread group executes 
expression ) instructions that are before the new entry point the instructions before the set - entry instruction , with other 
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thread groups then starting their execution of the shader The invention claimed is : 
program at the new entry point triggered by the set - entry 1. A method of operating a graphics processing system 
instruction . This then means that only one thread group that comprises a graphics processor comprising a program 
executes the common instructions for the program . mable execution unit operable to execute programs for 

FIG . 11 shows schematically an embodiment of the opera- 5 execution threads to perform processing operations ; 
tion of the compiler to include a set - entry instruction in a the method comprising : 
shader program to be executed by the programmable execu including in a program to be executed by the program tion unit of a graphics processor . mable execution unit of the graphics processor , the The ( shader ) compiler will receive a shader program in a program comprising a sequence of instructions to be high level programming language to be compiled , and , as 10 executed , and having associated with it a start instruc shown in FIG . 11 , first parse the shader program source code tion indication , indicating the instruction in the and then operate to place instructions that correspond to 
common expressions in the shader program source code at sequence of instructions for the program at which 
the beginning of the program ( steps 150 , 151 and 152 ) . execution of the program should be started by an 

execution thread : The compiler then inserts an appropriate set - entry instruc- 15 
tion into the parsed and reordered program ( step 153 ) . a set - entry instruction , which , when executed by a 

The compilation of the program is then finished ( step thread , will cause the start instruction indication to 
154 ) , and the compiled shader program output , e.g. for be modified to indicate a different instruction in the 
execution ( step 155 ) . sequence of instructions for the program at which 

Although the present embodiments have been described 20 execution of the program should be started by an 
above with reference to the inclusion of only a single execution thread ; 
set - entry instruction in a shader program to be executed , it the method further comprising : 
would be possible to include more than one set - entry issuing the program to the programmable execution unit 
instruction in a program , if desired . of the graphics processor for execution ; and 

For example , the sequence of instructions for a program 25 executing the program for a set of plural execution 
could include an initial set of instructions to perform threads ; 
“ global ” common expressions ( i.e. that will produce the wherein : 
same result for all threads ( work items ) of a set of threads executing the program for the set of plural execution 
( work items ) that the program is to be executed for ) , threads comprises : 
followed by a first set - entry instruction , then followed by a 30 for each execution thread executing the program , deter 
set of instructions in the program that perform expressions mining from the start instruction indication associ 
that are common to ( will produce the same result ( s ) for ) a ated with the program , the instruction in the 
given work group within the set of work items that the sequence of instructions for the program at which the 
shader program is to process , followed by a second set - entry thread should start execution of the program , and 
instruction , followed by the main instruction sequence of the 35 starting execution of the program for the thread at the 
program that needs to be executed independently for each indicated instruction ; and 
thread ( work item ) . The plural different set - entry instruc- an execution thread , when executing the program , in 
tions would then allow threads to be able to start executing response to the set - entry instruction : 
a program either at the beginning of the global common causing the start instruction indication to indicate a dif 
expressions , or at the beginning of the work group common 40 ferent instruction in the sequence of instructions for the 
expressions , or at the beginning of the main instruction program at which to start execution of the program , 
sequence . such that execution threads that start their execution of 
Again the execution of the different set - entry instructions the program thereafter will start their execution of the 

could be tracked , e.g. by including and setting appropriate program at the indicated different instruction in the 
flags for each different set - entry instruction . instruction sequence . 
As will be appreciated from the above , the technology 2. The method of claim 1 , wherein : 

described herein , in its embodiments at least , can provide the start instruction indication initially indicates that 
more efficient execution of a ( shader ) program . This is execution threads should start their execution of the 
achieved , in embodiments of the technology described shader program at the start of the shader program ; 
herein at least , by including set - entry instructions that 50 and 
change the entry point for the program execution in a execution of the set - entry instruction by a thread modifies 
program , thereby allowing execution threads to begin execu the start instruction indication to indicate an instruction 
tion of the program at different points within the sequence of in the program that is after at least some instructions 
instructions of the program . that perform common expressions in the program . 

Whilst the foregoing detailed description has been pre- 55 3. The method of claim 1 , wherein : 
sented for the purposes of illustration and description , it is the set - entry instruction is included in the sequence of 
not intended to be exhaustive or to limit the technology instructions for the program after instructions for any 
described herein to the precise form disclosed . Many modi- program expressions that will produce a common result 
fications and variations are possible in the light of the above for all the threads of a set of threads that the program 
teaching . The described embodiments were chosen in order 60 is to be executed for , and before any instructions for 
to best explain the principles of the technology described program expressions that are required to be executed 
herein and its practical applications , to thereby enable others for each thread individually . 
skilled in the art to best utilise the technology described 4. The method of claim 1 , wherein : 
herein , in various embodiments and with various modifica- a copy of the start instruction indication for the program 
tions as are suited to the particular use contemplated . It is 65 is used to determine which instruction of the program 
intended that the scope be defined by the claims appended the execution threads should start their execution of the 
hereto . program at ; and 

45 



5 

10 

15 

30 

US 10,891,708 B1 
33 34 

execution of the set - entry instruction by a thread modifies tions for the program at which execution of the 
that copy of the start instruction indication to indicate program should be started by an execution thread ; 
a different instruction in the sequence of instructions and 
for the program at which to start execution of the issue the program to the programmable execution unit 
program . of the graphics processor for execution ; 

5. The method of claim 1 , comprising when executing the wherein : 
program for a set of execution threads : the graphics processor comprises : 

issuing a single thread or group of threads of the set of an execution thread issuing circuit configured to issue 
execution threads to begin its execution at the begin- execution threads to the programmable execution unit ; 
ning of the program ; and and 

only issuing further execution threads or groups of execu- the programmable execution unit of the graphics proces 
tion threads of the set of execution threads to start their sor is configured to , when executing the program for an 
execution of the program once that single thread or execution thread : 
group of execution threads has executed the set - entry determine from the start instruction indication associ 
instruction . ated with the program , the instruction in the 

6. The method of claim 1 , comprising : sequence of instructions for the program at which the 
tracking the execution of the set - entry instruction in the thread should start execution of the program , and 
program by execution threads ; and start execution of the program for the execution 

releasing threads that are to begin the program at a later thread at the indicated instruction ; 
start point for execution when a thread executes the 20 and 
set - entry instruction in the program . when an execution thread , when executing the pro 

7. The method of claim 1 , comprising : gram , executes the set - entry instruction : 
including two or more set - entry instructions in the pro cause the start instruction indication to indicate a 
gram to be executed , with each different set - entry different instruction in the sequence of instruc 
instruction changing the start instruction indication to 25 tions for the program at which to start execution of 
indicate a different instruction in the program at which the program , such that execution threads that start 
threads should start their execution of the program . their execution of the program thereafter will start 

8. The method of claim 1 , wherein : their execution of the program at the indicated 
executing the program for the set of plural execution different instruction in the instruction sequence . 

threads comprises : 11. The system of claim 10 , wherein : 
issuing respective groups of plural threads of the set of the start instruction indication initially indicates that 

plural threads to execute the program ; and execution threads should start their execution of the 
for each group of execution threads executing the shader program at the start of the shader program ; 

program , determining from the start instruction indi- and 
cation associated with the program , the instruction in 35 execution of the set - entry instruction by a thread modifies 
the sequence of instructions for the program at which the start instruction indication to indicate an instruction 
the threads of the group of threads should start their in the program that is after at least some instructions 
execution of the program , and starting execution of that perform common expressions in the program . 
the program for the threads of the group of threads at 12. The system of claim 10 , wherein : 
the indicated instruction . the set - entry instruction is included in the sequence of 

9. The method of claim 1 , comprising : instructions for the program after instructions for any 
at least one execution thread that starts its execution of the program expressions that will produce a common result 
program at a first start point in the sequence of instruc for all the threads of a set of threads that the program 
tions for the program storing the results that it generates is to be executed for , and before any instructions for 
by execution of the instructions in registers for use by 45 program expressions that are required to be executed 
other threads that start their execution of the program at for each thread individually . 
a later point in the sequence of instructions for the 13. The system of claim 10 , wherein : 
program . a copy of the start instruction indication for the program 

10. A graphics processing system comprising : is used to determine which instruction of the program 
a graphics processor comprising a programmable execu- 50 the execution threads should start their execution of the 

tion unit operable to execute programs for execution program at ; and 
threads to perform processing operations ; execution of the set - entry instruction by a thread modifies 

and that copy of the start instruction indication to indicate 
a processing circuit configured to : a different instruction in the sequence of instructions 

associate with a program to be executed by the pro- 55 for the program at which to start execution of the 
grammable execution unit of the graphics processor , program . 
the program comprising a sequence of instructions to 14. The system of claim 10 , wherein the execution thread 
be executed , a start instruction indication , indicating issuing circuit is configured to issue execution threads to the 
the instruction in the sequence of instructions for the programmable execution unit by : 
program at which execution of the program should 60 issuing a single thread or group of threads of the set of 
be started by an execution thread ; execution threads to begin its execution at the begin 

include in the program to be executed by the program ning of the program ; and 
mable execution unit of the graphics processor , a only issuing further execution threads or groups of execu 
set - entry instruction , which , when executed by a tion threads of the set of execution threads to start their 
thread , will cause the start instruction indication 65 execution of the program once that single thread or 
associated with the program to be modified to indi- group of execution threads has executed the set - entry 
cate a different instruction in the sequence of instruc instruction . 
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15. The system of claim 10 , comprising : of instructions to be executed ; and having associated 
an instruction execution tracking circuit configured to with it a start instruction indication , indicating the 

track the execution of a set - entry instruction in a instruction in the sequence of instructions for the 
program by execution threads ; and program at which execution of the program should be 

wherein the execution thread issuing circuit is configured 5 started by an execution thread ; and including a set 
to : entry instruction , which , when executed by a thread , 

release threads that are to begin a program at a later start will cause the start instruction indication associated 
point for execution when a thread executes the set - entry with the program to be modified to indicate a different 
instruction in the program . instruction in the sequence of instructions for the 

16. The system of claim 10 , wherein the processing circuit 10 program at which execution of the program should be 
is configured to : started by an execution thread : 

determine from the start instruction indication associ include two or more set - entry instructions in a program to 
be executed , with each different set - entry instruction ated with the program , the instruction in the 
changing the start instruction indication to indicate a sequence of instructions for the program at which the 
different instruction in the program at which threads 15 thread should start execution of the program , and 
should start their execution of the program . start execution of the program for the execution 

17. The system of claim 10 , wherein the execution thread thread at the indicated instruction ; 
and issuing circuit is configured to : when an execution thread , when executing the pro issue respective groups of plural threads of the set of 

plural threads to execute the program ; and gram , executes the set - entry instruction : 
cause the start instruction indication to indicate a the programmable execution unit is configured to : 

for each group of execution threads executing the different instruction in the sequence of instruc 
program , determine from the start instruction indi tions for the program at which to start execution of 
cation associated with the program , the instruction in the program , such that execution threads that start 
the sequence of instructions for the program at which 25 their execution of the program thereafter will start 
the threads of the group of threads should start their their execution of the program at the indicated 

different instruction in the instruction sequence . execution of the program , and start execution of the 
program for the threads of the group of threads at the 20. A non - transitory computer readable storage medium 
indicated instruction . storing computer software code which when executing on a 

18. The system of claim 10 , wherein executing shader 30 processor performs a method of compiling a program to 
program for the execution threads comprises : generate instructions for execution by a programmable 

at least one execution thread that starts its execution of the execution unit of a graphics processor operable to execute 
program at a first start point in the sequence of instruc programs for execution threads to perform processing opera 
tions for the program storing the results that it generates tions , the method comprising : 
by execution of the instructions in registers for use by 35 including in a program to be executed by the execution 
other threads that start their execution of the program at unit of the graphics processor , the program comprising 
a later point in the sequence of instructions for the a sequence of instructions to be executed , and having 

associated with it a start instruction indication , indicat program . 
19. A graphics processor comprising : ing the instruction in the sequence of instructions for 
a programmable execution unit operable to execute pro the program at which execution of the program should 

grams for execution threads to perform processing be started by an execution thread : 
operations ; and a set - entry instruction , which , when executed by a thread , 

will cause the start instruction indication associated an execution thread issuing circuit configured to issue 
execution threads to the programmable execution unit ; with the program to be modified to indicate a different 

wherein instruction in the sequence of instructions for the 
the programmable execution unit of the graphics proces program at which execution of the program should be 

sor is configured to , when executing a program for an started by an execution thread . 
execution thread , the program comprising : a sequence 
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